INTRODUCTION
Bacterial speck disease of tomato is caused by Pseudomonas syringae pv. tomato and occurs throughout the world where conditions are cool (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) • C) and wet (35, 100) . The bacteria are spread by aerosols and rain splash and enter leaves through stomata or wounds where they multiply in the leaf apoplastic space (63, 101) . Disease symptoms include small (1 mm) black or brown necrotic lesions (specks) that can become surrounded by chlorotic haloes [caused by the bacterial toxin coronatine (4) ]. Lesions also form on both unripe and ripe tomato fruit, and this manifestation of the disease can decrease marketability of the fruit (35) . of near-isogenic lines differing at the Pto locus greatly benefited the later cloning of the Pto (and Fen) genes.
MOLECULAR IDENTIFICATION AND CHARACTERIZATION OF PSEUDOMONAS AND TOMATO GENES THAT MEDIATE RESISTANCE TO BACTERIAL SPECK DISEASE

Isolation and Characterization of AvrPto, a Pseudomonas Effector Protein Recognized by Pto
Disease resistance in plants is often elicited by a gene-for-gene interaction in which the product of a plant R gene plays a role in specifically recognizing the product of a pathogen "avirulence" (avr) gene (45) . Two races of P. s. pv. tomato are known that differ in their virulence on tomato plants expressing Pto. Strains of avirulent race 0 elicit resistance on Pto-expressing tomatoes whereas strains of virulent race 1 are not recognized by Pto and therefore cause disease on Pto-expressing lines. An avirulence gene, avrPto, eliciting resistance on Pto-expressing tomato lines was isolated from a race 0 strain in 1992 (68) . Introduction of the cloned avrPto gene into a race 1 strain and inoculation of the strain onto leaves of a pair of nearisogenic lines differing at the Pto locus demonstrated that Pto and avrPto define a gene-for-gene interaction that is the basis for resistance to bacterial speck disease in tomato. Typical of many gene-for-gene interactions, Pto-mediated resistance to avrPto-expressing P. s. pv. tomato strains is associated with localized cell death, termed the hypersensitive response (HR). Interestingly, a P. s. pv. glycinea strain expressing avrPto elicited an HR when inoculated onto certain soybean cultivars, suggesting a Pto-like activity might be present in soybean (68) .
AvrPto is present in all the examined P. s. pv. tomato race 0 strains and absent in race 1 strains (68) . AvrPto-hybridizing DNA sequences have also been detected in several other P. syringae pathovars that infect bean, pea, radish, and oat, further suggesting that AvrPto might be recognized by Pto-like proteins in plant species other than tomato (68) . Later characterization of the avrPto gene showed that, in common with other Pseudomonas avr genes, avrPto gene expression is regulated by a "hypersensitive-response and pathogenicity" (hrp) box in its promoter and is induced under conditions that simulate the apoplastic space of plant leaves (72) . The avrPto gene encodes a small (18.3-kDa) hydrophilic protein. As with several other Avr proteins, AvrPto also has virulence activity and increases bacterial growth when it is present in a strain infecting plant leaves lacking a functional Pto pathway (13, 78) . In this chapter we focus mainly on the avirulence activity of AvrPto. Many years after the cloning of avrPto, amino acid residues in the N terminus of its protein were identified that suggested AvrPto might be myristylated and palmitylated (79) . The addition of myristate and palmitate is known to target and stabilize, respectively, proteins to membranes (99) . Therefore, this finding suggested that AvrPto might be targeted to a plant membrane. Confocal microscopy and cell fractionation studies confirmed that AvrPto is localized to the cell periphery (probably the plasma membrane) and that a G2A mutation of the myristylation motif abolished this localization (79) (the palmitylation site has yet to be similarly examined). The AvrPto(G2A) protein no longer activates Pto-mediated resistance and, thus, recognition of AvrPto during the plant defense response likely occurs at the plasma membrane (79) .
Isolation of the Pto Gene and Characterization of the Pto Gene Family
Pto was the first plant gene cloned that participates in a gene-for-gene interaction with a pathogen (46) . The map-based cloning of the gene took four years and relied initially on a pair of near-isogenic lines, Rio Grande-PtoR (resistant; Pto/Pto) and Rio Grande-PtoS (susceptible; pto/pto), and a variety of methods to find DNA markers closely linked to the Pto locus (50, 85) . DNA markers were placed near the Pto locus on chromosome 5 by both genetic and physical mapping and ultimately, a single DNA marker, TG538, was found that cosegregated with Pto (47) . This marker was used to screen a yeast artificial chromosome (YAC) library (49) , and one YAC, which by genetic mapping of its ends was shown to encompass the Pto locus, was used as a probe to identify cDNA clones derived from the region. The candidate cDNAs were fused with a CaMV 35S promoter and transformed into a susceptible tomato variety. One clone, CD186, conferred resistance specifically to a P. s. pv. tomato strain expressing avrPto (and not to a virulent strain) and was therefore confirmed to be the Pto gene (46) .
Initial characterization of the Pto gene revealed that it is a member of a gene family, present in both resistant and susceptible tomato lines (46) . Members of the Pto gene family are transcribed in both resistant and susceptible tomato leaves, and there is no evidence that any of them are induced by pathogen infection (14, 32, 46, 65) . The Pto family was shown to be clustered within 400 kb [the size of the YAC clone used to isolate it (46) ]. This was the first molecular demonstration, since confirmed for many R loci, of the longstanding prediction based on genetic analysis that R genes exist as members of clustered gene families (19) . Although details remain to be published, the entire DNA sequence of the Pto region from two haplotypes of tomato has been determined [GenBank accession nos. AF220602 and AF220603 (14) ]. The sequence reveals that, in the resistant haplotype of L. pimpinellifolium, Pto is one member of a family of six genes clustered within a 60-kilobase region (Figure 1 ). Susceptible L. esculentum haplotypes probably underwent a deletion event as Pto is missing from them whereas it is present in other Lycopersicon species (see below). The presence of this deletion initially resulted in the description of a L. esculentum Pto family member as the recessive pto allele-in fact, there is no Pto ortholog in susceptible haplotypes characterized to date (32) (Figure 1 ). The sequence data also reveal that the orthologs of Pto family members present in different tomato species are more closely related than the paralogs, thus indicating that a series of ancient duplication events contributed to the evolution of the Pto region ( Figure 2) (51, 65) . Interestingly, an extensive Figure 2 Phylogenetic tree based on amino acid sequence identities of Pto gene family members from Rio Grande-PtoR (LpimPto: GenBank accession #AF220602), VFNT Cherry (LescPto: GenBank accession #AF220603), and L. hirsutum accession PI134418 [LhirPto (65) ]. The Pto gene is now formally LpimPtoE and its ortholog in L. hirsutum is LhirPtoE. Nomenclature is explained in (65) .
functional analysis of members of the Pto family found that one member, LescPtoF (also known as LescPth5), from the susceptible L. esculentum haplotype, might weakly recognize AvrPto and therefore acts as a minor resistance determinant to this effector (14) .
Fenthion Sensitivity is Conferred by Fen, a Member of the Pto Gene Family
An explanation for the close linkage of fenthion sensitivity to speck resistance was provided by the characterization of the Pto region (48) . One member of the Pto gene family, Fen, was shown to confer sensitivity to fenthion when transformed into a fenthion-insensitive tomato line. Fen lies within 25 kilobases of Pto (Figure 1 ), and this tight physical linkage explains the genetic co-segregation of bacterial speck resistance and sensitivity to this insecticide even in large segregating populations. The 80% amino acid identity (87% similarity) of the proteins encoded by the Pto and Fen genes has been useful for the development of Pto-Fen chimeras in order to identify regions of Pto involved in AvrPto recognition (21, 74, 83) .
Ancient Origin of Pto and Conservation of the Pto Pathway in Other Plant Species
Although there has been much speculation about the ability of R genes to evolve rapidly in response to pathogen pressure, there is evidence that Pto-like genes are highly conserved in many plant species. With DNA gel blots, sequences hybridizing to Pto were found in potato, tobacco, Arabidopsis, bean, soybean, pea, rice, maize, barley, wheat, and sugarcane (46) . Interestingly, the human IRAK-1 gene (10) and the Drosophila Pelle gene (80) , which are involved in innate immunity, encode proteins with similarities to Pto (16, 77) . Tobacco was later shown to respond specifically to AvrPto, and two recent studies report the cloning and detailed characterization of Pto-like genes from potato and bean (88, 90, 95) . However, to date, Pto-like proteins have not been shown to have recognition specificity for AvrPto in any of the species mentioned above.
From early breeding-related studies, there were reports that diverse tomato species have resistance to presumed race 0 P. s. pv. tomato strains, potentially indicating an ancient origin of the Pto gene (39, 58, 65) . This hypothesis was examined by cloning members of the Pto family from an accession of L. hirsutum var. glabratum that was reported to be resistant to bacterial speck disease. One member of the Pto family from this accession shares 97% nucleotide identity with Pto and confers avrPto-specific resistance to P. s. pv. tomato. This study indicates that Pto recognition specificity arose before speciation in the Lycopersicon and supports the "trench warfare" model for R gene evolution (in contrast to the "arms race" model) in which frequency-dependent selection is proposed to govern the evolution and distribution of R genes within a plant population (82) . An even more ancient origin of the Pto family is supported by the recent cloning of a Pto gene from pepper that specifically recognizes AvrPto (B.-C. Kang & M. Jahn, personal communication). These data place the origin of Pto further back in evolutionary time than any other studied R gene.
Expression of Pto in Nicotiana tabacum or N. benthamiana confers resistance specifically to avrPto-expressing strains of P. s. pv. tabaci (67, 88) . Thus, functionally conserved components acting downstream of Pto are present in these two Solanaceous species. However, Pto has not been shown to function in Arabidopsis and, in common with other R genes, its function seems to be restricted to the plant family from which it was originally isolated [i.e., the Solanaceae (44)].
Pto Encodes a Serine-Threonine Protein Kinase
The Pto gene encodes a 321-amino acid protein consisting mostly of a kinase catalytic domain with predicted serine-threonine specificity and contains no obvious regulatory domain (46) . The Pto kinase is unique among the five classes of known R proteins (45) by lacking a region of leucine-rich repeats. It also lacks a transmembrane domain and therefore, in common with most bacterial-directed R proteins (except Xa21), is likely to be localized in the plant cell cytoplasm. A putative myristylation site (G2) occurs at the N terminus of Pto and was hypothesized to play a role in targeting the kinase to the plasma membrane (46) . However, unlike AvrPto, Pto does not have a putative palmitylation site, which is known to be important for stabilizing membrane association. An amino acid substitution abolishing the Pto myristylation motif (G2A) had no effect on the AvrPto-specific resistance conferred by the kinase, at least when it was expressed from the CaMV 35S promoter (43) . The G2A substitution does diminish the effector-independent function of Pto (X. Tang, personal communication; B. Riely & G. Martin, unpublished), so it is possible this glycine residue is myristylated and plays some role in Pto function (although likely not in gene-for-gene resistance). As predicted, Pto autophosphorylates on serine and threonine residues and this activity is abolished by mutation of the conserved lysine (K69) in the ATP-binding site (42) . Further details about the phosphorylation activity of the Pto kinase are discussed below.
Discovery and Characterization of Prf, a Second Gene Required for Pto-Mediated Resistance
Pto was originally defined as an R locus by the natural occurrence of resistant and susceptible haplotypes among tomato accessions. No artificial mutagenesis had been conducted to uncover Pto alleles or other possible components of the Pto pathway. In 1994, Salmeron et al. reported an extensive mutational analysis of a bacterial speck-resistant cultivar that eventually led to the discovery of another gene required for Pto-mediated resistance (70) . In this work, homozygous Pto seeds were mutagenized with fast neutron irradiation or diepoxybutane, and M2 progeny from 2138 M1 plants were screened for susceptibility to a P. s. pv. tomato strain expressing avrPto. Interestingly, just two complementation groups were defined by the mutants recovered. Mutants of one class, which showed various degrees of susceptibility, were shown later to have point mutations in the Pto gene (74) . These findings raised the possibility that another Pto family member might contribute to resistance (70) . However, this seems unlikely based on the fact that one mutant, pto-11 [with a H94L substitution (74) ], is as susceptible as the control L. esculentum line (70) . The other complementation group defined a locus distinct from Pto but which, surprisingly, cosegregated with Pto. This locus was termed Prf because its mutant alleles affected both Pto resistance and fenthion sensitivity.
The proximity to Pto and the availability of YAC clones spanning the region facilitated the map-based cloning of the Prf gene (71) . Prf lies embedded in the Pto region next to the Fen gene ( Figure 1 ). Sequences homologous to the cloned Prf gene were detected in many plant species including Arabidopsis, pepper, tobacco, bean, maize, and oat. Many Prf-like sequences were observed in tomato, and two other tomato R genes, Mi-1 and Sw-5, are now known to encode Prf-related proteins (9, 52, 96) . Although Prf was cloned from the resistant Pto haplotype (L. pimpinellifolium), its function is conserved in susceptible L. esculentum lines, as shown by complementation studies with the prf mutants (70) and by the resistance conferred by Pto when it is transformed into a susceptible L. esculentum line (46) . More recently, it has been shown by virus-induced gene silencing that the function of Prf is conserved in N. benthamiana (55) . Consistent with these observations, the sequence of the Prf protein from L. pimpinellifolium is highly conserved in L. esculentum (>98% identical at the amino acid level; GenBank accession no. AF220602 and AF220603) and N. benthamiana (>86% identical at the protein level for the 225 amino acids available; GenBank accession no. AF479624). Because of the lack of functionally different natural alleles, Prf does not fit the classical definition of an R gene, although its protein has the hallmarks of one class of R proteins (45) . Its high degree of sequence conservation also suggests an ancient origin for Prf and indicates it has probably not evolved recently to recognize AvrPto, Pto, or to recognize a Pto-AvrPto complex.
Prf encodes a protein with similarity to the largest class of R proteins (45, 71) . Like those proteins, it contains a region of leucine-rich repeats (LRR) and an NB-ARC domain (Nucleotide binding-Apaf1 Resistance protein, Ced4) (91) . However, Prf has several distinctive features. It is an exceptionally large gene of 5.5 kb with five exons encoding a 1824-amino acid protein (209.7 kDa). In addition to the LRR and NB-ARC, it contains a putative leucine zipper-like region, an approximately 70-amino acid region present as a direct repeat, and a perfect match to one half of the binding site for interleukin-8 in the human interleukin-8 receptor protein. The possible functional role of any of these motifs has not been reported, although one mutation (prf-2) abolishing Prf function occurs in the putative nucleotide binding site (71) .
INTRACELLULAR RECOGNITION AND DISCOVERY OF A SECOND PSEUDOMONAS EFFECTOR PROTEIN
Pseudomonas Type III Secretion System and Cytoplasmic Recognition of AvrPto by Pto
The longstanding elicitor-receptor model of gene-for-gene interactions implied that R proteins function as extracellular receptors for pathogen avirulence proteins (22) . Thus, in addition to the finding that Pto encodes a protein kinase, probably the most surprising discovery was that it encodes a protein without an obvious extracellular domain. Many other bacterial-directed R genes were later found to also encode cytoplasmic proteins (45) . These observations raised the unexpected possibility that recognition of bacterial Avr proteins occurred, in some fashion, within the plant cell. The answer to how this could occur arose from the finding that, like many bacterial pathogens of plants and mammals, Pseudomonas utilizes a type III secretion system to translocate effector proteins into the plant cell cytoplasm (3, 23) .
To test whether AvrPto acts within the plant cell, an avrPto transgene under control of the 35S CaMV promoter was delivered by Agrobacterium-infiltration into N. tabacum and N. benthamiana leaves expressing Pto [or as a control into leaves not expressing Pto (74, 83) ]. An HR was observed only in Pto-expressing leaves, thus confirming that AvrPto acts by itself, without additional Pseudomonas proteins, within the plant cell as the Pto-specific elicitor of the plant HR. Many bacterial Avr proteins are now known to act intracellularly (45) .
The possibility that AvrPto and Pto physically interact was tested by using a yeast two-hybrid system (74, 83) . Remarkably, a highly specific interaction between AvrPto and Pto was found; AvrPto did not interact with several other closely related protein kinases (e.g., Fen, Pti1, LescPtoF) and mutations in either Pto or AvrPto that abolished the interaction of the proteins in yeast also eliminated the ability of the proteins to elicit the HR in plant leaves. Importantly, to date, the interaction of Pto and AvrPto has not been demonstrated in vitro with purified proteins so it cannot be ruled out that other host proteins (presumably conserved in yeast) are involved in the interaction.
Deletion and random mutagenesis studies have investigated which of the 164 amino acid residues of AvrPto are required for interaction with Pto (15, 74, 78, 79, 83) . Removal of either the N-terminal 30 amino acids or the C-terminal 40 amino acids does not affect interaction with Pto in yeast (15) . In fact, an AvrPto protein consisting of amino acids 1-9 (MGNICVGGS; containing the myristylation/palmitylation motif) fused to a truncated AvrPto (residues 29-133) elicits the HR when coexpressed in leaves with Pto by agro-infiltration (P. Pascuzzi & G. Martin, unpublished) . Point mutagenesis revealed that AvrPto can tolerate substitutions in at least 60 of its 164 amino acids without disruption of its Pto-interacting activity (15, 78, 79) . Interestingly, AvrPto was found to have two structurally distinct domains (79) . The residues S94, I96, and G99 define a region of AvrPto that is important for recognition by Pto while N145, P146, S147, and S153 define a region involved in recognition by a currently uncharacterized R protein in tobacco. A fuller understanding of the mechanism by which AvrPto and Pto interact will require knowledge of the three-dimensional structures of the two proteins. Towards this goal, a Pto-interacting 105-residue truncated form of AvrPto (consisting of residues 29-133) has been purified and used for determination of its structure by NMR techniques (97) . Although still preliminary, the structure reveals that the region of AvrPto involved in Pto recognition (S94/I96/G99) is present in a relatively unstructured loop of the protein in a position to possibly interact with the Pto kinase (J. Wulf, P. Pascuzzi, G. Martin & L. Nicholson, unpublished).
Isolation and Characterization of AvrPtoB, a Second Pseudomonas Effector that Interacts with Pto Kinase
When avrPto was originally cloned, it was used to develop gene-replacement mutants in two different Pseudomonas strains, DC3000 and JL1065 (68) . In both of these strains a single avrPto-hybridizing fragment is observed, and it was therefore surprising that gene-replacement mutants were found to still be avirulent on Ptoexpressing tomato leaves. This indicated that some P. s. pv. tomato strains might express a second Pto-specific avr gene. This second avr gene, now referred to as avrPtoB, was isolated from DC3000 by using a "cross-kingdom" yeast two-hybrid screen that searched for Pseudomonas proteins, in addition to AvrPto, that interact with Pto (36) . AvrPtoB is much larger than AvrPto (59 versus 18 kDa) and lacks an obvious myristylation motif as seen in AvrPto. However, AvrPtoB interacts with an identical spectrum of Pto variant forms and mutant alleles as does AvrPto and elicits a Pto-and Prf-dependent HR in tomato leaves (36) .
AvrPtoB-like sequences are present in a wide array of bacterial pathogens, including many P. syringae pathovars, and even strains of Xanthomonas vesicatoria and Erwinia caratovora (29, 36) . This wide distribution suggests that expression of avrPtoB confers some advantage to the pathogen, and, in fact, AvrPtoB has been shown to have virulence activity in a bean pod assay and to promote growth of bacteria in bean leaves (29) . Recently, AvrPtoB was shown to promote bacterial virulence (and increase plant disease susceptibility) by acting within the plant cell as a general inhibitor of programmed cell death (1) .
Although AvrPtoB and AvrPto are very different proteins, possible clues to their shared Pto-specific avirulence activity are present in nine subregions of the proteins where they have identical amino acids with similar spacing between them (36). The functional significance of most of these regions is unknown; however, one, referred to as subdomain V, contains four identical residues in both proteins (GINP) and mutation of this region (but not residues just outside it) in both effector proteins abolishes their interaction with Pto and elicitation of disease resistance by normally virulent P. s. pv. tomato strains expressing the mutant proteins (36, 79) . The GINP motif might play a role as a direct contact point with Pto or, alternatively, it could affect the overall structure of AvrPto and AvrPtoB in a way that facilitates interaction of another region of the effector proteins with Pto. The latter possibility seems more likely for AvrPtoB in light of recent results showing that a form of that protein entirely lacking the GINP region still interacts with Pto (1).
ROLE OF PTO IN RECOGNITION
The availability of Pto, Prf, and the two Pseudomonas effectors AvrPto and AvrPtoB presents an unparalleled opportunity to investigate the molecular and structural basis of recognition events that underlie gene-for-gene disease resistance. A significant step in this direction was the discovery that Pto and AvrPto/AvrPtoB physically interact in the yeast two-hybrid system. However, it has been difficult to study the recognition event in the plant cell for several reasons, including the fact that both Pto and Prf are present in very low abundance and because coexpression of Pto and the effector proteins leads to rapid death of the plant cell. Progress has been made in identifying the regions of Pto that determine its binding specificity for AvrPto and AvrPtoB (and the regions of AvrPto and AvrPtoB required for interaction with Pto, see above), and light has been shed on the role of Pto autophosphorylation in AvrPto binding and in activating the HR.
Many questions remain, however, about how the Pto-AvrPto interaction occurs in the plant cell: Does recognition in the plant cell require phosphorylation of Pto (or of AvrPto/AvPtoB)? Does the interaction with AvrPto or AvrPtoB affect Pto kinase activity? What, if any, is the role of myristylation and where in the plant cell does the recognition event occur? Does the recognition event require other host proteins (e.g., Prf)? Is ubiquitination and/or protein degradation involved as it appears to be for some other R proteins (8) ? In this section, we summarize recent progress on understanding how Pto recognizes AvrPto/AvrPtoB.
Pto Recognition Specificity for AvrPto and AvrPtoB
The fact that Pto, and not Fen, interacts with AvrPto in yeast allowed the development of chimeric proteins and amino acid substitutions, which ultimately showed that a single threonine in the activation loop of Pto (at position 204) plays a key role in the interaction with AvrPto (21, 74, 83) . A substitution in Pto at this residue (T204N) abolished Pto interaction with AvrPto, whereas the opposite substitution into the Fen kinase (N204T) allowed it to interact with AvrPto. It was hypothesized that phosphorylation of T204 in Pto alters the structure of the protein to allow its interaction with AvrPto (21). However, this residue has not been found to be phosphorylated, at least by using an in vitro autophosphorylation assay (77) . It remains a possibility that T204 is phosphorylated in the plant cell, thereby facilitating binding of AvrPto. Interestingly, T204 in Pto corresponds to T387 in the human kinase IRAK-1. There are four IRAK kinases having roles in human innate immunity with all four sharing considerable overall similarity with Pto. However, only IRAK-1 and IRAK-4 (at position 351) have a threonine at this position (40) . Phosphorylation of T387 in IRAK-1 (by IRAK-4) is a critical step in the activation of IRAK-1 (40) . It is possible, therefore, that Pto T204 is similarly phosphorylated by another host kinase to allow its binding of AvrPto. If phosphorylation of T204 is required for interaction with AvrPto, then it seems probable, based on the AvrPto-Pto yeast two-hybrid results, that a kinase is also present in yeast that accomplishes this modification. Studies are in progress to test these hypotheses.
Pto Autophosphorylation and the Interaction with AvrPto
The possible requirement of Pto kinase activity for binding of AvrPto has been examined in several studies (64, 74, 77, 83) . In vitro, Pto autophosphorylates by an intramolecular mechanism and also transphosphorylates other proteins (26, 42, 75, 77) . In all except one case, mutation of Pto residues that are either highly conserved in protein kinases and/or that are known to play a role in Pto phosphorylation abolishes interaction with AvrPto in the yeast two-hybrid system. Thus, Pto interaction with AvrPto is eliminated by substitutions at the ATP-binding site [i.e., K69Q or K69N (74, 83) ], at several residues conserved in many kinases [i.e., V55D, H94L, N121I, D164A/G/E (64, 74)], at one of its phosphorylation sites [i.e., T38A (77) ] and at two sites in the activation loop [i.e., Y207D, T204N (21, 64) ]. These observations suggested that Pto kinase activity is required for AvrPto binding. However, one substitution in the Pto subdomain VIb has shed doubt on this suggestion. Pto carrying the substitution D164N no longer autophosphorylates and yet still interacts with AvrPto in the yeast two-hybrid system (64) . Pto(D164N), however, does not elicit the HR when coexpressed with AvrPto in the plant leaf. Assuming that Pto(D164N) interacts with AvrPto in the same structural way as wild-type Pto, these data suggest that binding of AvrPto by Pto is not sufficient for activation of the Pto pathway. The data also further support an important role for Pto kinase activity in gene-for-gene resistance. To date, no further studies of Pto(D164N) have been published, and further implications of these results remain unexamined.
The fact that most mutations of Pto that abolish in vitro autophosphorylation activity also affect the AvrPto-specific HR-inducing ability of Pto indicates that autophosphorylation reflects some in vivo relevance for Pto activity. By using a variety of biochemical methods, eight autophosphorylation sites of Pto were identified (77) . To ascertain which of these autophosphorylation sites might play a role in Pto function, each site was mutated individually to alanine and tested for the ability to elicit the HR in the presence of AvrPto when transiently expressed in N. benthamiana leaves. One of the mutants, Pto(S198A), interacted with AvrPto but lost the ability to elicit the HR (77) . Substitutions of an alanine residue at T38, T199, and T288 significantly diminished the interaction with AvrPto. Expression of these three proteins individually in leaves with AvrPto either caused no HR (T38A) or diminished HR (T199A and T288A), further supporting a role for Pto phosphorylation in AvrPto elicitation of the HR. Thus, although the complete abolition of autophosphorylation by the mutation D164N does not affect AvrPto binding, mutations in three autophosphorylation sites do affect both AvrPto binding and the HR, suggesting that these sites influence the recognition event in vivo. Finally, the autophosphorylation sites identified in vitro may not reflect all of the sites autophosphorylated in vivo. Indeed, it is possible that interaction with AvrPto or AvrPtoB stimulates the phosphorylation of other Pto sites. The phosphorylation status of Pto in vivo and how it might be affected during or following the recognition event is under investigation (J. Anderson & G. Martin, unpublished) .
We have focused on the phosphorylation of Pto but it is a formal possibility that phosphorylation of AvrPto (and/or AvrPtoB) also influences the recognition event. 
A Pto Constitutive Form, Pto(Y207D), and Insights into the Recognition Mechanism
One of the most interesting reports about Pto activity describes the characterization of a point mutant that produces a constitutive-active form of Pto (64) . This work was initially based on the fact that protein kinases are frequently activated by phosphorylation of a conserved structural element known as the activation loop (34) . The activation loop of Pto (residues 182-209) contains seven phosphorylatable residues. To determine the possible role of these residues in Pto function, Rathjen et al. (64) used a mutational approach in which each serine, threonine, or tyrosine residue in the activation segment was individually changed to aspartate. The negative charge of aspartate is known to sometimes mimic phosphorylation and lead to the constitutive activation of protein kinases (34) . The Pto mutants were each tested for their ability to produce an AvrPto-independent HR when transiently expressed in N. benthamiana leaves. Expression of wild-type Pto and five of the seven mutants had no visible effect. However, expression of two of the mutants, Pto(Y207D) and to a lesser extent Pto(T204D), produced an HR-like cell death similar to what is normally observed in leaf tissue expressing both wild-type Pto and AvrPto. Importantly, the HR was Prf-dependent. Pto(Y207D) has no in vitro autophosphorylation activity and does not interact with AvrPto (or any other Pto-interacting proteins) in the yeast two-hybrid system.
Rathjen et al. speculated about the recognition event based on the results with the Pto(Y207D) protein (64) . First, they suggested that AvrPto-binding activates Pto and that Pto(Y207D) might mimic an AvrPto-activated form of Pto. Second, they suggested that phosphorylation of AvrPto by Pto is not a requirement for Pto activation. Third, they suggested that Prf does not interact with AvrPto, but that Prf possibly acts in a complex with activated Pto or downstream of the kinase (i.e., it apparently does not act upstream). A model for the Pto-AvrPto recognition event that integrates many of the observations with Pto(Y207D) has been proposed (64 
What is the Role of Prf?
Other host proteins are likely involved in the Pto-AvrPto recognition event in the plant cell. The best candidate for having such a role is still Prf, although, to date, the role of this protein in Pto-mediated resistance has not been investigated in much depth. Conceptually, it is possible that Prf acts in a complex with Pto or acts downstream as part of the Pto signaling pathway. Three lines of evidence suggest Prf acts early in the Pto pathway. First, overexpression of Prf leads to increased resistance to Pseudomonas [and other pathogens (54) ] and this resistance requires Pto (G. Oldroyd & B. Staskawicz, personal communication). Second, overexpression of Pto that leads to enhanced resistance also requires Prf (X. Tang, personal communication). Third, a comprehensive gene expression profiling study identified over 400 genes that are differentially expressed in the tomato(Pto)-Pseudomonas(avrPto) interaction, and the altered expression of greater than 90% of these genes required both Pto and Prf (53) . Based on these observations, and the similarity of Prf to other R proteins that have a role in pathogen recognition, Prf most likely participates in a receptor complex with Pto. Several efforts to test a direct physical interaction of Pto and Prf in a yeast two-hybrid system have failed, and the large size of Prf has hindered biochemical approaches to date, although such work is ongoing (T. Devarenne, A. Bogdanove & G. Martin, unpublished). The observations above are also consistent with the possibility that Prf acts at an early step downstream of Pto and requires Pto for its activation.
ROLE OF PTO IN SIGNAL TRANSDUCTION
A major challenge in understanding Pto-mediated defense is to link the perception of AvrPto/AvrPtoB to all of the downstream responses that collectively lead to disease resistance.
Because it encodes a protein kinase, Pto probably plays a role in signal transduction in addition to its role in recognizing AvrPto. Progress has been made in identifying proteins that might serve as substrates for Pto phosphorylation in vivo, and other conserved signaling pathways have been implicated in playing a role downstream of Pto.
The central questions regarding Pto signal transduction that remain are: What are the in vivo substrates for Pto phosphorylation, and how are they involved in the defense response? What conserved signaling pathways are utilized in Ptomediated resistance, and how are they activated? Here we summarize what is known about signaling involving Pto, and how this relates to changes within the cell that ultimately result in disease resistance.
Pto-Interacting (Pti) Proteins
In an effort to identify proteins that might act in Pto-mediated signal transduction, a yeast two-hybrid system was used to screen a tomato cDNA library using Pto as the bait. From the 2 × 10 6 cDNAs screened, 149 cDNA clones encoding Ptointeracting (Pti) proteins were identified. Based on their nucleotide sequences, the 149 clones belong to 10 distinct classes (104) . Among them are four that have been investigated further: Pti1, a protein kinase, and three related transcription factors Pti4, Pti5, and Pti6.
Pti1 is a cytoplasmic protein kinase that autophosphorylates in vitro on serine and threonine residues (106) via an intramolecular mechanism (75) . The major site of autophosphorylation is T233, which corresponds to the major site phosphorylated by Pto in cross-phosphorylation assays using recombinant Pto and Pti1 expressed in Escherichia coli (76) . Pti1 does not phosphorylate Pto, suggesting that it likely functions downstream of Pto in vivo. The physical association between Pto and Pti1 requires phosphorylation, as substitutions at T233 of Pti1 or mutations that abolish Pto kinase activity disrupt the Pto-Pti1 interaction (76) . Evidence supporting a functional role for Pti1 in the disease response comes from studies with transgenic tobacco plants overexpressing Pti1 (106). These Pti1-transgenic plants showed an enhanced HR in leaves when challenged with P. s. pv. tabaci expressing avrPto. However, despite attempts to obtain it, there are currently no loss-of-function data to support the involvement of Pti1 in disease resistance. This may be due to functional redundancy, because Pti1 appears to be a member of a gene family that encodes a group of closely related protein kinases. Interestingly, one member of this family was identified as being transcriptionally up-regulated following the recognition of AvrPto by Pto in resistant plants (53) , whereas another was isolated from a screen for proteins that required both Pto and AvrPto for interaction in a yeast three-hybrid system [see below (7) ]. However, despite these intriguing observations and the specific physical interaction between Pto and Pti1, a clear role for Pti1 in resistance awaits more definitive experiments, perhaps by utilizing reverse genetics approaches.
The Pto-interacting proteins Pti4, Pti5, and Pti6 are transcription factors with sequence similarity to the ethylene-responsive factors (ERFs) (105) . Like the ERFs, Pti4/5/6 bind to a cis-element, known as the GCC box, which is present in many pathogenesis-related (PR) genes (105) . Phosphorylation may regulate this binding in vivo, since the phosphorylation of Pti4 by Pto was shown to enhance its binding affinity for the GCC box in vitro (26) . Transgenic Arabidopsis plants that constitutively express Pti4, Pti5, or Pti6 demonstrate that these transcription factors increase the expression of PR genes containing the GCC box (25) . A direct biological role resulting from this increase in PR gene expression may be inferred from the finding that Arabidopsis plants expressing Pti4 displayed increased resistance to the fungal pathogen Erysiphe orontii and increased tolerance to the bacterial pathogen P. s. pv. tomato (25) . Similar studies with Pti5 in tomato showed that this gene potentiated increased resistance to virulent strains of P. s. pv. tomato (28) .
Currently, it is not known whether Pti4, Pti5, and Pti6 have similar or distinct roles in defense gene activation in Pto-mediated resistance, but several observations argue for the latter. First, the expression patterns of Pti4/5/6 vary with respect to tissue type and developmental stage. For example, only Pti4 transcript is detectable in red fruits, which correlates with the fact that it is induced by ethylene, whereas Pti5/6 transcripts are not (26) . Second, these genes also appear to be differentially expressed in response to pathogens. Both Pti4 and Pti5 are induced in tomato leaves inoculated with virulent Pseudomonas strains, whereas Pti5 expression is enhanced specifically in Pto-containing leaves inoculated with an avirulent Pseudomonas strain expressing avrPto (87) . Third, expression of Pti4, Pti5, or Pti6 in Arabidopsis plants leads to the activation of distinct sets of PR genes (25) . Taken together, these data indicate that Pti4/5/6 function via similar mechanisms, but have distinct roles in the defense response.
Pti1/4/5/6, as well as the uncharacterized Pto-interacting proteins Pti2/3/7/ 8/9/10, were all identified on the basis of their interaction with Pto in the absence of AvrPto or AvrPtoB. Although it is tempting to speculate that these interactions are particularly relevant during incompatible interactions and/or they are subject to further regulation in vivo, other roles for these interactions cannot be ruled out. For example, it is conceivable that Pto may also play a role in basal defense, and that these interactions contribute to host immunity towards a diverse array of potential pathogens (25) .
Other genes with possible roles in Pto-mediated signaling have been isolated by using a yeast three-hybrid system to identify proteins that interact only when both AvrPto and Pto are present (7). Prf was not isolated from this screen although the large size of the protein might have precluded its identification by this method. However, five AvrPto-dependent Pto-interacting (Adi) proteins were isolated. Adi1 encodes a catalase, Adi2 is a homolog of Pti1, Adi3 is another serine-threonine kinase, Adi4 is a protein with unknown function, and Adi5 encodes an alpha subunit of the proteosome with similarity to the previously identified Pti2 protein. Speculation about the role of these proteins in the recognition event or in activation of signaling has been presented (7), and their possible activity in Pto-mediated resistance is being investigated by gene silencing methods (S. Ekengren & G. Martin, unpublished) .
Conserved Signaling Pathways Utilized by Pto
The demonstration that Pto functions in several plant species (67, 88) indicates that one or more conserved signaling pathways play a role in Pto-mediated disease resistance. Mitogen-activated protein kinase (MAPK) cascades are functionally conserved signaling modules in all eukaryotes, and several recent studies have demonstrated their importance in plant signal transduction pathways [reviewed in (86) ]. Of particular significance, specific MAPK proteins become activated in plant cells in response to pathogens and pathogen-derived elicitors (103) . Thus, MAPKs are good candidates for downstream signaling components that might play a role in Pto signaling.
Recently, we have observed that transient expression of either avrPto or avrPtoB in Pto-expressing leaves leads to a rapid increase of MAPK activity (K. Pedley & G. Martin, unpublished) . The identities of the two MAPKs that become activated are not known, but we speculate they may be the tomato orthologs of the tobacco salicylic acid-induced protein kinase (SIPK) and wounding induced protein kinase (WIPK). Both SIPK and WIPK have been implicated in the defense response in tobacco, and both become activated in response to Tobacco mosaic virus infection in plants containing the N gene (102), as well as from Avr9 treatment of Cf9 transgenic tobacco (66) . Furthermore, the Arabidopsis orthologs of SIPK and WIPK, AtMPK6 and AtMPK3, respectively, have been shown to participate in innate immunity (2) . Work is under way to further investigate the role of MAPKs in Pto-mediated disease resistance (K. Pedley & G. Martin, unpublished) .
Many genes encoding signaling components involved in gene-for-gene resistance have been characterized in Arabidopsis and these have been reviewed recently (45) . One such gene, SGT1, has been reported to also play a role in Pto-mediated resistance (56) . SGT1 encodes a ubiquitin ligase-associated protein that plays a role in both host and nonhost disease resistance (56) . The SGT1 protein interacts with RAR1, a protein that participates in signaling pathways containing NB-LRR proteins. Virus-induced gene silencing of SGT1 in Pto-expressing N. benthamiana leaves increased susceptibility to P. s. pv. tabaci expressing avrPto. SGT1 homologs have been found in several plant species, and sequence comparisons indicate that SGT1 is a highly conserved protein (56) . The silencing of SGT1 from tomato and the possible effect on Pto-mediated resistance to P. s. pv. tomato has not been reported.
Salicylic acid (SA) has long been recognized as an essential component of defense signaling, especially with regard to the activation of systemic acquired resistance (SAR). However, the results of many studies also implicate SA as an important signaling molecule in the activation of local defense responses, including the induction of defense-related genes, the activation of MAPK proteins, the oxidative burst, and in the development of the HR (36a). Increasing evidence also supports a role for SA participation in ethylene-and jasmonic acid-dependent defense response pathways (36a). Several proteins that reversibly bind SA have now been identified. One of these SA-binding proteins, SABP3, has been demonstrated to play a positive role in the development of the HR in tobacco cells transiently expressing Pto and AvrPto (81) . SABP3 encodes a chloroplast carbonic anhydrase, and although the precise role of SABP3 in the HR is not known, it may involve antioxidant properties. The possible involvement in Pto-mediated resistance of other signaling components, including homologs of those identified in Arabidopsis (45) , is currently being investigated using the virus-induced gene silencing approach (S. Ekengren & G. Martin, unpublished).
MODELS FOR THE PTO-AVRPTO RECOGNITION EVENT
Clearly, little is actually known about the molecular or structural details of the Pto-AvrPto recognition event. Absent the availability of data, several models for recognition have been proposed (45, 64, 77, 92) . The earliest was the "guard" hypothesis (92) that suggested Pto plays a role in basal defense (perhaps by association with the Pto-interacting proteins, Pti1, Pti4, Pti5, and Pti6). To counteract this activity, AvrPto evolved to bind Pto and disrupt its function. Pto is therefore a virulence target of AvrPto. Prf, it is proposed, evolved later to recognize (guard) the AvrPto-Pto complex and to activate the disease resistance pathway (92) . Details of the guard model have been modified and extended (17, 94) , but central to the hypothesis is the contention that Pto is a virulence target of AvrPto and that Prf has evolved to recognize its binding (or modification) by the effector protein.
By extension from the Pto system, the guard hypothesis proposes that R proteins of the NBS-LRR classes have evolved to recognize the binding (or other modification) by effector proteins of host virulence targets. A detailed discussion of data from different gene-for-gene systems that either support or conflict with the guard hypothesis has been presented previously (45) . Here we focus on its possible relevance to the Pto system.
Is the Guard Hypothesis Supported by the Pto System?
The guard hypothesis has been widely discussed and has sparked much useful thought and debate about gene-for-gene recognition mechanisms (17, 92, 94) . In its favor, for the Pto system, are the facts known when it was first proposed: (a) Pto and AvrPto physically interact; (b) the activities of Pto and Prf are interdependent; (c) Pto is a plausible virulence target for AvrPto by virtue of its kinase activity and its interaction with several proteins with likely roles in basal defense; and (d ) AvrPto does have virulence activity when expressed in a P. s. pv. tomato strain growing on tomato lines expressing Pto but lacking Prf.
However, the guard model is not supported for the Pto system by much data that have accumulated since it was proposed. These data have been discussed previously (6, 45) and are summarized here: (a) AvrPto exhibits similar virulence activity on leaves from tomato lines lacking Pto and ones expressing Pto but lacking Prf (13, 78) . Thus, Pto does not appear to be an important virulence target of AvrPto. (b) AvrPto mutants are known that do not interact with Pto and yet still retain their virulence activity (78) . This indicates that there is a virulence target, other than Pto, for AvrPto. In fact, some plausible virulence targets for AvrPto have been identified (7) . (c) Prf is highly conserved at the amino acid level in distantly related tomato species and even in a wild species of tobacco (71) 
The Affinity-Enhancement Model
We previously presented several models to explain gene-for-gene interactions, each of which has at least some support from one or more plant-pathogen systems (45) . Here we focus on the "affinity enhancement" model, which, we believe, is most strongly supported by the data from the AvrPto-Pto system. The affinity enhancement model (Figure 3) proposes that a certain percentage of the Pto and Prf proteins present in a plant cell (e.g., 5-10%) exist in a complex in the absence of any pathogen effector protein. This complex, perhaps involving other proteins, plays a role in low-level basal defenses (possibly via Pti1, Pti4, Pti5, and Pti6 as well as other proteins). The requirement of the Pto myristylation site for effector-independent activities of Pto suggests the complex might occur at the plasma membrane. Other members of the Pto family in L. pimpinellifolium, as well as in other tomato and Solanaceae species, also interact with Prf (or related proteins) and contribute to basal defense. However, these interactions are weak and only transiently stable (the unbound proteins might be rapidly degraded). The model predicts that in a progenitor of the Solanaceae family, Pto evolved to recognize certain bacterial virulence proteins (e.g., AvrPto and AvrPtoB-like proteins) in order to interfere with their virulence activity (this might have been precipitated because Pto was an attempted virulence target of effector proteins). Binding of AvrPto might stimulate Pto kinase activity to promote stabilization of the complex, or it could act by another mechanism (for example, myristylated, membrane-bound AvrPto might recruit Pto to a plasma membrane-associated complex). Stabilization of the complexes increases their abundance in the plant cell. The increased number of stabilized complexes containing Pto and Prf coordinately increases the basal defense responses they activate and might also activate new defense responses (Figure 3) . Thus, AvrPto and AvrPtoB are proposed to enhance and stabilize the affinity of a pre-existing complex involving Pto and Prf and thereby elicit disease resistance.
The affinity-enhancement model is supported by many considerations from the Pto system: (a) a tomato line with a likely null mutation of Prf is more susceptible to several pathogens including P. s. pv. tomato (13, 89; G. Martin, unpublished) . However, tomato lines with mutations in Pto or lines lacking Pto do not show this increased susceptibility. This can be explained by positing that Prf-dependent basal resistance can be activated by interaction with more than one of the Pto-like kinases present in Solanaceous species (Figure 3) . Activity of Fen requires Prf and could also play a role in basal defense; (b) AvrPto and Pto interact (74, 83) , but AvrPto does not interact with other members of the Pto family. Therefore AvrPto might serve to stabilize only the Pto-Prf interaction; (c) resistance to avrPto-expressing strains of P. s. pv. tomato requires both Pto and Prf (46, 69) . Stabilization of the Pto protein alone by interaction with AvrPto is insufficient to activate resistance (64); (d ) the abundance of Pto in the plant cell is important, as shown by the intermediate resistance exhibited by Pto heterozygous lines (11) . Doubling of Pto abundance by expressing it in homozygous condition would increase Ptomediated resistance by increasing the abundance of Pto-Prf complexes that can be stabilized by AvrPto. In addition, overexpression of Pto gives an increased level of avrPto-specific resistance (46); (e) the abundance of Prf in the plant cell also appears to contribute directly to AvrPto-specific resistance (69) . When crosses were made between homozygous prf mutants and a tomato line with a homozygous genotype (Pto/Prf, Pto/Prf) to derive F1 plants that were heterozygous for Prf (i.e., Pto/Prf, Pto/prf), many F1 plants derived from 6 different prf mutant alleles showed intermediate resistance (69) ; (f ) enhanced, broad-spectrum resistance caused by Pto overexpression requires Prf (84; X. Tang, personal communication). This is expected if the enhanced resistance is due to increased abundance of basal defense-promoting protein complexes containing Pto and Prf; (g) enhanced, broadspectrum resistance caused by Prf overexpression requires Pto (54; G. Oldroyd & B. Staskawicz, personal communication) . This is also expected if the enhanced resistance is due to increased abundance of basal defense-promoting complexes containing Pto and Prf; (h) neither Pto nor Prf proteins appear to be limiting in the plant cell because overexpression of either one leads to enhanced, broadspectrum resistance (54, 84; X. Tang, personal communication; G. Oldroyd & B. Staskawicz, personal communication). This observation supports the idea that only a limited percentage of the total Pto and Prf proteins forms complexes, whereas the remainder is unbound and possibly degraded; and finally, (i) Pto(Y207D) might mimic a form of Pto more amenable to interaction with Prf (64) . Together, these many observations strongly support the affinity enhancement model, but can it be experimentally tested?
Several specific and testable predictions can be made based on this model: (a) Pto and Prf should co-immunoprecipitate from leaf extracts that are not expressing AvrPto (no direct interaction between these proteins has been observed in the yeast two-hybrid system but the large size of Prf might not be conducive to that assay); (b) the abundance of a complex containing Pto and Prf should be increased in Pto-overexpressing lines, in Prf-overexpressing lines, and in both Pto-and Prfhomozygous lines in comparison to heterozygous lines; (c) the abundance of Pto and Prf in the co-immunoprecipitates should be increased in extracts upon expression of AvrPto [this experiment will require conditional expression of AvrPto and optimization of timing because of the rapid cell death caused by AvrPto expression. Alternatively, it might be possible to use the Pto(S198A) protein that interacts with AvrPto but does not elicit an HR (77)]; (d ) if Pto(Y207D) is mimicking an activated form of Pto then the complex containing Pto and Prf should be increased in leaf extracts coexpressing these proteins [again, this experiment will require conditional expression of Pto(Y207D) and optimization of timing because Pto(Y207D) expression leads to cell death]; (e) if Pto is stabilized by its interaction with Prf then Pto (and possibly other Pto-like kinases) should be present in less abundance in tomato lines carrying a null mutation of Prf (e.g., RG-prf3). However, it is unlikely that Prf would be destabilized in a pto null mutant because other Pto-related kinases (e.g., Fen) might serve to stabilize it in the absence of Pto. Testing of these predictions will require the ability to detect Pto, Prf, and AvrPto in the plant cell, and to date, this has proven difficult in cells that are not overexpressing the proteins. Nevertheless, by using promoters with regulatable expression, evidence either supporting or refuting the affinity enhancement model might be obtained.
Loss-of-function experiments might also provide support for the affinity enhancement model. For example, if several members of the Pto family act in concert with Prf to promote basal defense then virus-induced gene silencing of the Pto family in tomato or N. benthamiana would be predicted to result in plants susceptible to not only avirulent strains of P. s. pv. tomato but with increased susceptibility to virulent strains of P. s. pv. tomato and perhaps to other plant pathogens.
DOWNSTREAM DEFENSES ACTIVATED BY THE PTO PATHWAY
The signal transduction pathways initiated by Pto culminate in the activation of defense responses that prevent the spread of the pathogen beyond the initial site of infection. One of the early responses involves the generation of reactive oxygen species. Two distinct phases of the oxidative burst are detected in tomato suspension cells following treatment with P. s. pv. tomato expressing avrPto (12) . The initial phase occurs in response to both virulent and avirulent strains of P. s. pv. tomato, and is therefore a nonspecific response. The second phase, which occurs 1-3 h after the initial phase, only occurs in response to avirulent P. s. pv. tomato strains, supporting the hypothesis that the oxidative burst plays an important role in defense (12) . This may include direct killing of the pathogen, signaling, or the elicitation of the HR.
A distinguishing hallmark of Pto-mediated defense, and other gene-for-gene systems, is the elicitation of the HR at the site of infection. The HR is believed to play a role in the defense process by blocking the spread of the pathogen. In response to viruses, this certainly seems to be the case, as failure to elicit the HR allows the infection to spread systemically (18) . However, it is difficult to determine if the HR plays a direct role in defense against a bacterial pathogen like P. s. pv. tomato, or whether it simply occurs as part of a generalized defense strategy, regardless of its efficacy. A recent study involving AvrPtoB lends support to the former hypothesis, indicating that the HR may be an important component of Pto-mediated resistance. In this study, AvrPtoB was shown to promote bacterial virulence by acting within the cell to suppress the HR (1).
The transcriptional activation of defense-related genes has long been recognized as a common component of plant resistance. Therefore, it comes as no surprise that the Pto-mediated defense response also involves changes in gene transcription following the recognition of AvrPto (33, 53) . Furthermore, the discovery that Pto directly interacts with three closely related transcription factors, Pti4/5/6, provides a direct link between pathogen recognition and gene activation. Initial characterization of gene expression changes mediated by Pto, using a small set of pathogenesis-related (PR) genes, indicated that an avirulent P.s. pv. tomato strain(expressing avrPto) promotes a more rapid accumulation of PR gene transcripts than does a virulent strain (33) . These early studies have been greatly expanded by using new methods of gene-expression profiling.
Several gene-expression profiling methods have been used in two independent studies to analyze transgenic plants overexpressing Pto (98; K. Mysore & G. Martin, unpublished) . Together, these studies identified 255 genes that were upregulated in Pto-overexpressing plants and a majority of these genes were further induced by inoculation with an avirulent P. s. pv. tomato strain. Remarkably, a large portion of the genes constitutively upregulated in the CaMV 35S:Pto transgenic plants are known to be induced in human and/or Drosophila during immune responses (K. Mysore & G. Martin, unpublished) . These findings indicate that the enhanced resistance exhibited by Pto-overexpression likely involves many of the same components that comprise basal defense systems in humans and invertebrates.
Another study used an open-architecture profiling method, called GeneCalling, to measure changes in transcript abundance that occur early (4 h) after Pseudomonas inoculation in tomato leaves expressing Pto and Prf (53) . Using this approach, over 135,000 individual cDNA fragments representing an estimated 90% of the transcripts expressed in tomato leaves were examined. In total, 432 differentially expressed genes encoding 25 classes of proteins including 11 types of transcription factors and many proteins involved in signal transduction were identified. The results of this study (summarized in Figure 4 ) provide a comprehensive view of the early changes in gene expression that occur in the plant resistance response, and give an indication of changes that will occur as the defense response progresses (53) . The experimental design allowed three gene categories to be distinguished: APR genes responded to the AvrPto-Pto interaction and required Prf for their altered expression; AP genes responded to the AvrPto-Pto interaction, but did not require Prf; and AR genes were identified as genes that were independent of Pto, but required AvrPto and Prf for their altered expression. A striking discovery from this work was that APR genes accounted for more than 90% of those identified, further supporting the hypothesis that Prf acts early in the Pto pathway, and that Pto and Prf act together to elicit the majority of changes associated with the defense response. Further characterization of these genes should provide new insights into the host mechanisms that suppress bacterial speck disease in tomato.
CONCLUSIONS AND FUTURE CHALLENGES
The cloning of Pto a decade ago began an odyssey to understand the molecular basis by which it mediates both recognition of AvrPto (and AvrPtoB) and activation of signaling pathways. In addition to being the first "gene-for-gene" type of R gene cloned, Pto is also unique in being the only R gene known so far to encode a simple protein kinase catalytic domain. The discovery that the Pto kinase is localized in the cytoplasm challenged the expectation that R proteins would be extracellular receptors of pathogen proteins and stimulated thinking about other possible mechanisms that might underlie gene-for-gene interactions. It is now known that many R proteins act as intracellular receptors of effector proteins delivered into the plant cell. The physical interaction of Pto and AvrPto provided the first molecular explanation for the specificity observed in gene-for-gene plant-pathogen interactions and was instrumental conceptually in the isolation of avrPtoB. The cloning of Prf demonstrated that there is a link between Pto and the large NB-LRR class of R proteins and was one factor that prompted the formulation of the influential "guard hypothesis." Finally, the recent discovery of AvrPtoB has shown that gene-for-gene interactions might actually be "genes-for-genes" interactions involving multiple pathogen and plant proteins and has broadened our view of the mechanisms underlying plant disease resistance.
Despite the progress of the past ten years many questions remain unanswered, and new discoveries continue to raise more questions. 
